cloned and at least 20 clones sequenced. DNA polymerase fidelity was studied by using 7 a clone carrying an amplified tax region as template instead of genomic DNA. The tax 8 region was amplified using the same PCR conditions described above, cloned and 25 9 clones were sequenced. 10 first round of reaction except that the denaturation gradient ranged from 94-82˚C. PCR 1 products were purified, cloned and up to 20 clones were sequenced. 2 arginine (CGA) was converted to the TGA stop codon by a C-to-T mutation. 1 Interestingly, nonsense mutations tended to accumulate in the same cases (Table 1) . 2
It was difficult to discriminate between mutations and polymorphisms in provirus 3 from ATL patients since the proviral sequences in non-leukemic cells could not be 4 analyzed in most ATL cases without an internal deletion of provirus. Some mutations 5 might be characteristic of a subgroup of proviruses (polymorphism). Since nonsense 6 mutations at the tax gene (7469) were detected in 5 ATL cases, we tentatively judged 7 base substitutions as polymorphisms when more than 5 identical base substitutions were 8 observed in different cases. Based on this criterion, we observed 591 mutations in all 9
cases (See Table S3 in the supplemental material). Among them, the G-to-A mutation 10 was the most frequent, contributing to 28.8% of the total mutations. Other frequently 11 detected mutations were C-to-T (23.7%), A-to-G (17.1%) and T-to-C (12.9%). Frequent 12 G-to-A and C-to-T mutations strongly suggested the activity of deamination enzymes in 13 the generation of these mutations. 14 15 Mutations in leukemic and non-leukemic cells in ATL cases. In ATL patients, 16
non-leukemic HTLV-1 infected cells co-exist with leukemic cells. To analyze the 17 proviral sequences of non-leukemic cells, we amplified proviral sequences using 18 primers within regions deleted in leukemic cells to avoid amplification of provirus from 19 leukemic cells. Nonsense mutations that were observed in leukemic cells were not 20 detected in non-leukemic cells (Fig. 2) , indicating that nonsense mutations generated in 21 the provirus of leukemic cells were selected for. We compared the whole sequences of 22 HTLV-1 provirus in both leukemic cells and non-leukemic cells from five ATL cases. 1
As shown in Table 2 , only 37% of base substitutions were considered to be real 2 mutations since the nucleotide differed between leukemic cells and non-leukemic cells. 3
However, 71% of G-to-A transitions were actually mutations while 73% of other base 4 substitutions were polymorphisms ( Table 2 ), indicating that G-to-A mutations are 5 predominant in ATL cells. 6
Association of G-to-A mutations with human APOBEC3G. A high frequency of 7 G-to-A mutations suggests the role of deaminase(s) in generating these mutations. 8
Deamination enzymes are known to have individually preferred target sequences for 9 deamination (44). Sequences surrounding the nonsense mutations generated by the 10 G-to-A mutation in HTLV-1 proviruses showed a predominance of the 5'-GG 11 dinucleotide context (target underlined) (Fig. 3A) . Among trinucleotides containing GG 12 dinucleotides, CGG, TGG and GGG were preferred (Fig. 3A) ; these are consistent with 13 the target sequences of hA3G (48). The AGG sequence was also targeted in HTLV-1, 14 unlike in HIV-1. When we checked tetrameric sequences that contain a central GG 15 dinucleotide, CGGG and TGGG were the preferred targets in the HTLV-1 provirus, 16 similar to those reported for HIV-1 (Fig. 3B) . As in HIV-1, a C at the +2 position 17 (NGGC) was disfavored in HTLV-1. These findings suggest that the observed G-to-A 18 mutations were generated by hA3G. Another deaminase, APOBEC3F (hA3F), which is 19 largely coexpressed with hA3G, is also reported to target single-stranded minus DNA 20 (46). Unlike hA3G, which favors the 5'-GG dinucleotide, the consensus target sequence 21 of hA3F is 5'-GA (21). G-to-A mutations at GA sites contributed 13.4% of all G-to-Amutations (Fig. 3A) , suggesting that hA3F might also play a role in these mutations in 1 the HTLV-1 provirus.
Since hA3G targets the minus strand during reverse transcription, nonsense mutations 3 generated by G-to-A mutations are not found in the HBZ gene. A G-to-A mutation in 4 the proviral sense strand caused a nonsense mutation in the p12 gene (TGG to TGA), 5 whereas the same mutation generated a missense mutation in the HBZ gene (CCA to 6 TCA) (Fig. 1 ). G-to-A mutations occurred most frequently at GG sites with a T or C at 7 their 5' terminus (Fig. 3A) . We therefore counted the TGG or CGG sites within 8 individual HTLV-1 regions (Table 3 ). As NGGC (N indicates T or C) was disfavored 9 by hA3G (Fig. 3B) , it was not included. Among HTLV-1 regions, the plus-strand 10 sequence of the HBZ gene had the fewest TGG and CGG sites, even when the number 11 of sites was normalized by size of the region. This indicates that mutations in the HBZ 12 gene-coding region caused by hA3G are also rare. 13
14
Mutations in the HTLV-1 proviral sequences from carriers. Frequent detection of 15 G-to-A mutations in HTLV-1 proviral sequences in ATL cases suggests that these 16 nonsense mutations potentially occur in both HTLV-1 carriers and ATL patients. To 17 explore this possibility, we next studied the proviral sequences (pol, env, p12, p13/p30, 18 p27, tax, and HBZ) in asymptomatic HTLV-1 carriers. The proviral sequences in 19 asymptomatic carriers were amplified using a high fidelity DNA polymerase with 20 proofreading activity, and after subcloning, the sequences were determined for at least 21 20 subclones. As seen in ATL cases, the mutation frequency differed drastically among 22 individual carriers (representative data are shown in Table S4 and S5 in the 1 supplemental material), and the distribution of base substitutions among clones varied 2 within individual carriers. G-to-A mutations accounted for 81% and 72 % of all 3 mutations in the pol and the tax genes, respectively (Table 4 and 5). High frequency of 4 G-to-A mutations was also observed in other viral genes (data not shown). Analyses of 5 the sequence context of G-to-A mutations showed a predominance of GG sequences, 6 which is consistent with the finding that hA3G deaminates the viral genome during 7 reverse transcription (48). In order to compare the frequencies of nonsense mutations in 8 carriers versus ATL cases, the occurrence of nonsense mutations was further analyzed. 9
Consistent with findings in ATL cases, nonsense mutations were detected in the pol, 10 env, p30/p13, p27 and tax genes, but not in the p12 or HBZ genes ( Table 6 ). As in ATL 11 cases, nonsense mutations in carriers were most frequently observed in the tax and pol 12 genes. This result suggests that there is no bias for mutations in specific viral genes in 13 ATL cases compared with carriers. These results suggest that nonsense mutations in 14 provirus are not generated during oncogenesis, but are present in the carrier state. 15
In addition to G-to-A mutation, C-to-T mutations were detected in the pol and tax 16 genes in carrier cells as in ATL cells (See Table S2 in the supplemental material) as 17 well as other viral regions (data not shown). Comparative analyses of leukemic cell and 18 non-leukemic cells showed that 79% of C-to-T base substitutions were polymorphisms 19 (Table 2 ). However, after G-to-T mutations, C-to-T mutations were still the most 20 frequent in ATL patients and HTLV-1 carriers. 21
Expression of the hA3G gene and activation-induced deaminase gene 1
In order to analyze the correlation between G-to-A mutation and hA3G expression, we 2 first studied the mRNA level of hA3G using real-time PCR assay. The hA3G gene was 3 expressed in normal T cells and the expression level of hA3G moderately decreased in 4 ATL cells. In ATL samples, there was no obvious correlation between the expression 5 level of hA3G and number of G-to-A mutations in the proviral genome. 6
Although only 21% of C-to-T base substitutions were mutations (Table 2) , C-to-T was 7 the second most frequent mutation (See Table S2 in the supplemental material). 8
Activation-induced deaminase (AID) was found to be a key factor for the switch 9 recombination of immunoglobulin (Ig), and is also implicated in hypermutations of Ig 10 genes (15). AID deaminates cytosine to uracil. Aberrant expression of AID driven by 11 NF-κB activation is found in gastric cancers and hepatomas, and AID expression has 12 been invoked to explain induced mutations observed in cancer cells (28). Therefore, we 13 studied AID expression in 7 ATL cases with different proviral mutation frequencies. As 14 shown in Fig.4 , the AID gene transcription increased in ATL-15. In this case, we found 15 six C-to-T mutations in the provirus, and the sequence context showed more AID 16 preferred sequences in C-to-T mutated sites compared to other cases without AID 17 activation (data not shown). Thus, AID might also play a role in the deamination of the 18 HTLV-1 genome in at least some ATL cases. Since AID is thought to target double 19 strand DNA of provirus, it likely generates C-to-T mutations in the plus strand of 20 provirus. However, C-to-T base substitutions contained many polymorphism, as shown 21 in Table 2 . Therefore, correlation between C-to-T mutations and AID expressionremains to be studied. 1 2 In vitro editing of the HTLV-1 genome by hA3G 3
Previous reports have suggested that HTLV-1 is relatively resistant to the antiviral 4 effect of hA3G (4), consistent with our finding that the frequency of G-to-A mutations 5 throughout the HTLV-1 proviral genome was low. In order to provide direct evidence 6 that G-to-A mutations observed in the proviruses are the result of hA3G-mediated 7 genome editing, we studied in vitro the editing effect of hA3G on the HTLV-1 genome. 8 HTLV-1 viruses were generated in the presence of exogenous hA3G to allow packaging 9 into budding viral particles, a step that is required for exerting editing activity of the 10 cytidine deaminase. After a round of virus infection, the HTLV-1 DNA was analyzed 11 using a highly sensitive PCR-based protocol, referred to as 3D PCR, that is capable of 12 amplifying G-to-A hypermutated genomes as described in the Materials & Methods. resulted in premature stop codons in the p30 and tax genes (Fig. 1) . The occurrence of 20 such mutations was observed in vitro when viruses were produced together with hA3G.detected in ATL cases, were also frequent among 3D PCR clones. As expected, a 1 preference for GG dinucleotide context in hA3G-mediated G-to-A editing was observed 2 (Fig. 5C ). Our data suggested that hA3G is indeed able to actively deaminate HTLV-1 3 viral genome during reverse transcription although with low editing frequency, leading 4 to G-to-A mutations in the plus-strand of the provirus. 5
In this study, in order to acquire a full mutation spectrum of HTLV-1 virus, 2 sequences of proviral genomes were determined in 60 ATL cases as well as 10 3 asymptomatic carriers. In addition to deletion and insertion, we identified base 4 substitutions, and found that G-to-A mutations were most prevalent. In addition to the 5 observation that G-to-A mutations in ATL and carriers occurred at the preferred target 6 sequence of hA3G, we also experimentally confirmed that hA3G actively introduced 7 G-to-A mutations to the HTLV-1 viral genome. It has been reported that hypermutation 8 in the HTLV-1 genome was a rare event (35), and HTLV-1 was relatively resistant to 9 the antiviral activity of hA3G (33). Unlike HIV, which counteracts hA3G by producing 10 Vif, HTLV-1 does not express an accessory protein that interferes with hA3G. A 11 peptide motif in the C-terminus of the HTLV-1 nucleocapsid has been shown to inhibit 12 hA3G packaging into nascent virions (4). However, inhibition of hA3G induced G-to-A 13 mutations by HTLV-1 was partial (37). Previous studies analyzed small regions of 14 provirus amplified by PCR in carriers or HAM/TSP patients, while proviral sequences 15 of ATL cells were determined by direct sequencing. Since previous studies used 16 error-prone Taq polymerase, it was very difficult to identify mutations after cloning (36) . 17
The number of ATL cases was so limited in the previous studies that mutations could 18 not be discriminated from polymorphisms (34). This study first analyzed the whole 19 sequence of 60 ATL cases by direct sequencing, and also determined the proviral 20 sequences of clones derived from HTLV-1 carriers using a precise DNA polymerase, 21 which enabled us to identify mutations in HTLV-1 genomes. Consistent with previousstudies (34, 35), our results showed that mutations were relatively rare. However, 1 among the rare mutations in HTLV-1 genomes, G-to-A mutations in the target 2 sequences of hA3G were predominant. In addition to G-to-A mutations, other mutations 3 were also observed in ATL and carriers, indicating the role of other deaminases 4 including AID and error-prone reverse transcriptase (27) . 5
This study demonstrated important roles for cytidine deaminase(s) in generating 6 mutations in HTLV-1 proviruses. So far, at least 12 cytidine deaminases have been 7 identified, many of which share significant sequence homology. They are considered to 8 have evolved through gene transpositions and duplications (45). Although some 9 members, including APOBEC1 and AID, target cellular genes, most human APOBEC 10 proteins are thought to defend the host against retroviruses. Our study suggests that 11 hA3G is responsible for G-to-A mutations in HTLV-1. hA3G binds to single-stranded 12 DNA, and preferentially deaminates CCCA or CCCG sequences during reverse 13 transcription (48). This strategy of hA3G can induce nonsense mutations in the 14 plus-strand coding sequence since TGG is a target of hA3G, resulting in nonsense 15 mutations like TAG or TGA. However, the HBZ gene is encoded by the minus strand of 16 the provirus. The HBZ gene is therefore much less susceptible to nonsense mutations 17 generated by hA3G. Furthermore, there are few target sequences for hA3G in the plus 18 strand of the HBZ coding RNA. In addition, the coding sequence of the HBZ gene 19 overlaps that of p12 gene. Thus, HBZ further avoids missense mutation in the minus 20 strand. 21
The frequencies of G-to-A changes in the HTLV-1 provirus (0.21% for the pol gene nonsense mutations were likely generated by hA3G during reverse transcription , 20
indicating that Tax expression was not necessary even in the carrier state. In one carrier, 21 expansion of HTLV-1 infected cells with this mutation (Table S5) . Furthermore, 7 of 60 1 ATL cases contained nonsense mutations in the tax gene. HTLV-1 infected cells with 2 nonsense mutations could proliferate in vivo and be transformed to ATL cells. A 3 nonsense mutation in the tax gene has been detected in asymptomatic carriers (8). This 4 study suggests that this nonsense mutation was generated by hA3G during reverse 5 transcription. Another explanation is that loss of the expression of some viral gene(s) by 6 nonsense mutations benefits the cells. Tax generates DNA damage that activates 7 checkpoints (16, 22) . In addition, it has been reported that HTLV-1-infected cells 8 become cell cycle-arrested due to the activity of Tax (19, 23) . Therefore, HTLV-1 9 infected cells with nonsense mutations in the tax gene might have growth-advantage by 10 loosing Tax expression. We previously reported that HTLV-1 provirus lacking the 11 5'LTR and the second exon of the tax gene was detected in ATL cases. By sequencing 12 the integration sites in such defective provirus, we found 6 bp short repeats generated by 13 integrase. This finding showed that defective proviruses that could not produce Tax 14 were generated before integration (31). Taken together, these findings indicate that Tax  15 is not necessary for oncogenesis at least in some ATL cases. 16
This study suggests that nonsense mutations in the HTLV-1 provirus are generated by 17 (17) 28 (6) 19 (2) 10 (2) 2 (0) 3 (0) 3 (1) 3 (2) 1 (0) 4 (4) 1 (0) 
